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Semiconductor microcavities play a key role in connecting exciton states and photons in advancing quantum
information in solids. In this work we report on coherent interaction between high quality microcavity photon
modes and spin states of a quantum dot in the strong coupling regime of cavity quantum electrodynamics. The
coupling between the photon and exciton modes is studied by varying the temperature, where the spin states
are resolved with a magnetic field applied in Faraday configuration. A detailed oscillator model is used to
extract coupling parameters of the individual spin and cavity modes, which shows that the coupling depends on
features of the mode symmetries. Our results demonstrate an effective coupling between photon modes that is

mediated by the exciton spin states.
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Cavity quantum electrodynamics (cQED) of systems of
quantum dots (QDs) coupled to semiconductor microcavities
has attracted considerable attention, particularly after recent
demonstrations of strong (coherent) coupling in them.!?
These systems extend long-standing work on atoms in cavi-
ties to the solid-state environment. They provide an interface
between the atomic-like states of quantum dots and photon
polarization states (flying qubits) in quantum information.
Two-level quantum emitters, given by excitons or spins,
coupled coherently to optical modes of microcavities are the
essential  building blocks in  solid-state  quantum
information.>* Optical manipulation of the quantum dot
states coupled to cavity photons can provide two-qubit gates
needed for logic operations® and also distributed architec-
tures for quantum communications and computing.®~

Previous work on strong coupling in semiconductor mi-
crocavities has involved the interaction of spin degenerate
excitons with the optical cavity modes. Strong coupling has
been demonstrated using several microcavity structures,!>10
and tuning of the modes with temperature and electric fields
has been implemented.'"!? Recently, we demonstrated tuning
of the exciton-cavity interaction with a magnetic field
through the diamagnetic shift and the exciton wave-function
size.!3 In addition, cQED in the strong-coupling regime has
been exploited as a tool for QD spectroscopy and to identify
a cavity mediated mixing of bright and dark exciton states.'*
However, although spin-related light-matter interactions in
cQED have been involved in a number of proposals,>!>16
they have not yet been demonstrated experimentally in the
field of quantum optics of solid state.

Here we study the interaction of the spin degree of free-
dom of excitons in InGaAs quantum dots with the photon
cavity modes in pillar microcavities, and we address the
question of how the polarization of the modes affects their
coupling. The spin states are split with a Faraday magnetic
field and their interactions with individual cavity modes are
identified in magnetophotoluminescence experiments. The
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interactions between individual spin-resolved exciton states
and cavity modes are obtained by comparison with a detailed
coupled oscillator model of the exciton and cavity modes.
We find that the symmetries of these modes play an impor-
tant role in the quantitative understanding of their coupling.
An interesting feature of these results is a coherent coupling
found between two photon modes via spin states of the quan-
tum dots.

We investigate spin-related cQED effects in QD-
micropillar systems using planar distributed Bragg reflector
(DBR) samples grown by molecular-beam epitaxy. The high-
quality microcavities contain 23 (27) mirror pairs of alternat-
ing quarter wavelength thick AlAs/GaAs layers in the upper
(lower) DBR, respectively. A single low-density layer of
Ing 3Gay,As QDs is located at the antinode of the electric
field in the central one-\-thick GaAs layer.!” Quantum dots
grown with 30% In concentration have been shown to have
increased oscillator strengths that facilitate the observation of
strong coupling in the QD micropillar system.' High-Q mi-
cropillar cavities with a diameter d,. of 1.6 wm are fabricated
from the planar sample by means of high-resolution electron-
beam lithography and electron cyclotron resonance (ECR)
plasma etching. Details of the sample processing can be
found in Refs. 18 and 19. The coupling of spin-polarized
excitonic modes of the QD and the photonic modes of the
micropillar cavity are investigated at cryogenic temperature
by means of microphotoluminescence (wPL). cw photolumi-
nescence experiments were performed with nonresonant ex-
citation at 532 nm. A magnetic field varying between 0 and 5
T in the Faraday geometry was employed.

Spin-resolved light-matter interaction is explored by
temperature-dependent uPL measurements at different mag-
netic fields. Figure 1 shows sets of uPL spectra of a 1.6 um
diameter micropillar at B=0 T [Fig. 1(a)] and at B=3 T
[Fig. 1(b)] magnetic fields. On both panels a broad cavity
peak has a distinctive left shoulder that can be deconvolved
into two unequal Lorentzians (C, and C,). Far from the re-
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FIG. 1. (Color online) Temperature-dependent uPL spectra of a
1.6 um diameter micropillar (a) at zero magnetic field and (b) at 3
T. The fundamental pillar cavity mode is split into two components
C, and C,. At B=0 strong coupling between the photon modes and
the nearly degenerate quantum dot exciton modes X ; is identified
by the avoided crossing of the associated lines with a mode’s energy
splitting of 86 weV. Coupling between the Zeeman split exciton
lines (X; and X,) and the cavity modes at B=3 T is seen in panel
(b) and gives two interaction regions marked by arrows.

gion of light-matter coupling, their widths are approximately
equal (I'c =90 ueV). From line-shape fitting, the splitting
between these modes was found to be @=~50 ueV. We have
also performed angle-dependent polarization measurements
of the cavity modes at zero magnetic field (not shown) which
have confirmed this splitting. We found that these split
modes are linearly polarized with Q factors of about 15.000.
At T=11 K and zero magnetic field, a single QD exciton X
peak represents two unresolved bright excitons X; and X,
each with width I'y=36 weV. Polarization-dependent mea-
surements of the exciton lines at B=0 T give a fine-structure
splitting of 8=20 weV.

At low temperatures, the exciton peaks are located on the
high-energy side of the cavity modes in Fig. 1 so that tem-
perature tuning can be used to study the light-matter
coupling.! When the temperature is increased, the exciton
has an avoided crossing with the cavity mode, which is a
clear signature of the strong-coupling regime. The associated
mode splitting at the resonance temperature of 15 K is
86 weV at B=0 T.

Spin-related effects come into play when a magnetic field
splits the excitonic line into two components X; and X,. The
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FIG. 2. (Color online) Schematic illustration of the energy de-
pendences of the two excitons and the two cavity modes as a func-
tion of magnetic field at fixed temperature without light-matter cou-
pling. (a) Two degenerate cylindrical cavity modes and two Zeeman
split bright excitons in cylindrically symmetric QDs. (b) An asym-
metry of the micropillar splits the two cavity modes by « and an
asymmetry of the QD splits the bright exciton by B. At zero mag-
netic field, one observes two linearly polarized exciton modes sepa-
rated by the fine-structure splitting. Increasing magnetic field gives
rise to circularly polarization of the excitons.

magnetic field also changes their polarizations and a total
Zeeman splitting of AE,,,,,=117 ueV at B=3 T can be
seen in the lowest trace of Fig. 1(b). Magnetic field depen-
dent measurements at constant temperature give a diamag-
netic coefficient of «=22 weV/ T2 for the QD exciton,
which reflects the extended electron-hole wave function of
these large oscillator strength QDs.!3

We are now in a position to address the coupling of spin-
related excitonic emission lines with photonic modes of a
microcavity at B=3 T. Both exciton lines shift through reso-
nance with the cavity modes when the sample temperature is
increased from 20 to 29 K. The smallest splitting in energy
of the outermost emission lines is observed at about 25 K. At
lower temperature a significant broadening and splitting
(marked by an arrow) of the associated emission lines occurs
when the X; component enters the interaction regime. In ad-
dition, a clear anticrossing behavior is observed at higher
temperatures when the X, component shifts through reso-
nance with the cavity mode. Both anticrossings indicate un-
ambiguously the coherent cQED coupling with the Zeeman
split exciton components in the spin-resolved cQED regime.

To understand the underlying physics of the measure-
ments in Fig. 1(b) we first consider a situation without light-
matter coupling. Figure 2 gives the schematic energy behav-
ior and polarizations as a function of magnetic field for two
cavity modes and two bright exciton modes. The upper panel
shows the case in which the QD and the cavity each have
cylindrically symmetric cross sections and the two cavity
modes are degenerate.? The cylindrical symmetry of the QD
preserves the total spin projection along the z axis. Then the
two bright exciton states have right and left circular polar-
izations |X,;), |X_;). A nonzero magnetic field splits these
two states.

In experiment we have seen that the cavity modes |C,)
and |C,) have a splitting that we characterize by the param-
eter « and that the exciton modes at zero magnetic field have
a splitting given by the parameter . This suggests that these
modes are each split by asymmetries [see Fig. 2(b)]. In the
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case of the microcavity, this is attributed to a small ellipticity
of the micropillar.'® Exciton states in InGaAs QDs are typi-
cally split at zero magnetic field by an asymmetry in QD
structures. This gives linearly polarized states |Xy), |Xy) as
illustrated in Fig. 2(b) with a fine-structure splitting param-
eter 3.2! A strong magnetic field adds an additional splitting
and tends to restore the circular polarization. At intermediate
fields excitons are neither linearly nor circularly polarized,
with a polarization governed by the ratio of parameters &/ 3,
where 6=g; upB is the bare Zeeman splitting, and g; is the
Landé g factor. In the present experiment 6/ 5=6.25 for B
=3 T. The total splitting of two excitons is determined by
the parameter B=1 3>+ &

We describe the system of four interacting modes by an
effective Hamiltonian,

~ a
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where Eq=Eq—il'¢/2, Ex=Ex—il'y/2, and E., Ey are the
central emission energies of the cavity mode and the exciton
emission energy at B=0. The Hamiltonian is written in basis
of cylindrically symmetric cavity modes and cylindrically
symmetric QD excitonic states |C,+), |C,-), [X,1), |X_)).
The parameters a and S determine the mixings of the two
cavity modes and the two exciton modes, respectively. The
energies and the linewidths I'- and T’y of the modes are
obtained from the experiment depicted in Fig. 1(b) away
from the interaction regime.?> To complete the description of
the noninteracting modes in Eq. (1), we need the temperature
dependences of the exciton and cavity modes. These are ob-
tained by fitting the corresponding features in the experiment
at zero magnetic field far from the interaction region by the
forms Ey(T)=Ay+ByT—CxT? and Ec=A —CT>.

The real and imaginary parts of the complex eigenener-
gies of the coupled modes as functions of 7T are calculated
from Eq. (1) using only one free parameter, the coupling
constant g between cavity and exciton states. The calculated
mode energies are compared with the experimental values
determined by performing least mean-square fits of the ex-
perimental results at B=3 T from Fig. 1(b) with four Lorent-
zian peaks. The best agreement was obtained for g
=38 ueV. The corresponding energy dispersions of the four
coupled modes are plotted in Fig. 3(a), where dotted lines
give the energies of the uncoupled modes. It is seen that the
theory (solid lines) describes the experimental data (dots)
very well. In particular, the mode splittings in the interaction
regimes (shaded areas) are nicely reproduced. We would like
to note that the uncertainties of the mode energies are typical
less than 3 weV and that the size of the uncertainties in the
energies are about the size of the data points.
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FIG. 3. (Color online) Energy dispersion and emission line-
widths of the coupled modes at B=3 T as functions of temperature.
(a) Experimental values (bullets) obtained by Lorentzian line-shape
fitting of the data in Fig. 1(b) and calculated energy positions for
g=38 ueV (solid lines). The black dashed lines indicate the peak
energies for noninteracting modes, i.e., for g=0. The physical
meaning of parameters  and B3 in Eq. (1) is indicated. (b) Corre-
sponding emission mode linewidths. In the interaction regions de-
noted by shaded areas, a pronounced mixing of three (two “cavity-
like” and one “exciton-like”) modes occurs as a signature of the
coherent light-matter interaction. The black dashed line indicates
the expected value of linewidth crossings (I'c+1'x)/2=64 ueV for
strong coupling of one exciton and a single photonic mode. The
shift of the crossing points toward larger energies (at temperatures
marked by arrows) indicates considerable involvement of the sec-
ond photonic mode in the region of interaction.

The interactions between the four modes give rise to an
anticrossing at the resonance of mode X; with C; and an
anticrossing at the resonance of modes C, and X, [shaded
areas in Fig. 3(a)]. The magnitude of each of these splittings
is AE=86*+4 pueV. It should be noted that splitting AE is
composed partly of the coherent coupling given by g and
partly by the (noncoherent) splitting between X; and X,
(~20 peV) and the splitting between C; and C,
(~50 weV). This is similar to the situation in which exci-
tons from two different dots were coupled coherently by a
single cavity mode in Ref. 23.

Additional insight into the physics of the coupled exciton
spin-photon system can be obtained from the mode line-
widths as a function of temperature and detuning. The calcu-
lated imaginary parts of the energy eigenvalues are shown in
Fig. 3(b) along with the experimental results obtained from
Lorentzian line-shape fitting of the data in Fig. 1(b). Pro-
nounced mixing of the lines occurs for temperatures between
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~24 and =28 K. An exchange of linewidths between the X,
transition and the C; cavity mode takes place at about 24.5 K
(shaded region), which indicates coherent interaction in the
strong-coupling regime.

From Fig. 3(a) we see that the splitting between the cavity
modes C; and C, decreases for temperatures in the region of
the crossing of the noninteracting modes C; and X; around
24.5 K. Specifically, the energy difference between the two
lower lines in the figure for temperatures in this region is
about 44 ueV compared to the mode splitting of «
=50 wueV at temperatures away from this anticrossing. This
interesting feature results from interactions of the cavity
modes with the exciton spin states from the quantum dot and
is associated with an effective interaction strength which we
estimate to be 6 ueV. The exciton-mediated photon-photon
interaction is consistent with the calculations of the coupled
modes made from Eq. (1) and the physical mechanism for
this coupling is the photon-exciton interaction given by the
parameter g. This explanation is consistent with the behavior
of the linewidths, which show considerable involvement of
the C, mode [marked by the arrow in Fig. 3(b)] near this
anticrossing. Indeed, the crossing point of the X; and the C,
linewidths is shifted upwards compared to the expected
value (I'c+1'y)/2=64 weV [indicated by a dashed line in
Fig. 3(b)] for strong coupling with only a single photonic
mode, an effect which is clearly observed for the experimen-
tal data at 26.6 K. This shows that the photonic character of
the coupled modes is increased when two photon modes are
involved in the spin-related light-matter interaction. The
photon-photon coupling is interesting from a fundamental
point of view, and nonlinear interactions mediated by quan-
tum dots are also of considerable interest in connection with
quantum communications and quantum information.?*
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We note that the model in Eq. (1) gives accurate results
under variation in only one free parameter, the coupling con-
stant g. All other parameters I'¢, I'y, Ex(T), and E-(T) were
obtained from experimental data away from the interaction
regions. The only fitable parameter g was evaluated from
data in the interaction region. g has a precise meaning from
Eq. (1): it represents the coupling parameter between cylin-
drically symmetric cavity and QD basis states. The experi-
mental cavity modes and exciton modes are obtained from
the coupling of the cylindrically symmetric basis modes and
the coupling parameters « and 3.

In summary, we have addressed spin-related cQED effects
in solid state by demonstrating strong (coherent) coupling
between excitonic spin states and high-quality factor photon
modes of a pillar microcavity structure. The spin states of
excitons in InGaAs quantum dots are resolved with magnetic
field and the coupled modes are observed in cw photolumi-
nescence with nonresonant excitation. A detailed oscillator
model is used to extract coupling parameters of the indi-
vidual spin and cavity modes. Interestingly, we find a cou-
pling of independent photonic modes via the excitonic tran-
sition in addition to the coupling between the spin states of
the excitons and the cavity modes. These results represent
important features of cQED and have high potential to pave
the way for further studies on spin-related light-matter inter-
action and its application in quantum information science.
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